
5TH QUARTERLY PROGRESS REPORT 

C o n t r a c t  No. NSR 05-264-002 

~ October  1967 
~ 

STUDY OF SHAPE AND INTERNAL STRUCTURE 
OF MOON, 

UTILIZING LUNAR ORBITER DATA 

for 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
LUNAR ORBITER PROGRAM OFFICE 

Prepared by 

Donald L. Lamar 

R .M.L. Baker, J r  . * 
and 

J .  V.  Lamar 

EARTH SCIENCE RESEARCH CORPORATION 
P.O. Box 5427 

Santa  Monica, C a l i f o r n i a  90405 

Area Code 213 - 395-4528 

* 
Consul tan t  



-iii- 

PREFACE 

T h i s  r e p o r t  summarizes progress  t o  d a t e  on a s tudy  of the ehape 

and i n t e r n a l  s t r u c t u r e  of t h e  moon u t i l i z i n g  d a t a  from the L u n a r  O r -  

b i t e r  Program under NASA Contract  No. NSR 05-264-002. This  r e p o r t  in- 

c ludes  the  results summarized i n  q u a r t e r l y  p rogres s  r e p o r t s  numbers 1 

through 4 and thus  supersedes these  previous r e p o r t s .  I n  t h i s  r e p o r t  

t he  nomenclature and form of t h e  p o t e n t i a l  f u n c t i o n  a r e  modified t o  be 

c o n s i s t e n t  w i th  recommendations of the I n t e r n a t i o n a l  Astronomical Union. 
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SUMMARY 

Comparison of the terms i n  a s p h e r i c a l  harmonic expansion of t he  

lunar  g r a v i t y  f i e l d  der ived from ana lyses  of Lunar O r b i t e r  d a t a  with 

s i m i l a r  terms i n  a lunar  c o n t i n e n t a l i t y  f u n c t i o n  r e v e a l  that excess  

mass m u s t  u n d e r l i e  the maria.  Density v a r l a t i o n s  and i n t e r n a l  s t r u c -  

t u r e s  which would lead to  the observed g r a v i t y  f i e l d  are c a l c u l a t e d  

f o r  a r i g i d  moon with a random lumpi t l e s s  and a omon i n  i s o s t a t i c  equi -  

l i b r i u m  and the rma l  convection. I L  Ls ioilntl . i t i  e i t h e r  model of 

i n t e r n a l  s t r u c t u r e  i s  c o n s i s t e n t  with the d a t a .  The d e n s i t y  c o n t r a s t s  

and diniensions f o r  each model were found t o  be remarkably c o n s i s t e n t  
- 

terns. The o v e r a l l  moment of inertia a s  for the C2,y C 2,2 and C 

determined from the o r b i t e r  d a t a  i s  s t i l l  too poorly known t o  d e t e r -  

mine whether t he  moon i s  homogeneous o r  d i f f e r e n t i a t e d .  

3 10 
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INTRODUCTION 

The p r i n c i p a l  o b j e c t i v e  of the p re sen t  s tudy i s  t o  determine the 

r e l a t i o n s h i p  between the g r a v i t a t i o n a l  f i e l d  of t h e  moon and the  shape, 

i n t e r n a l  s t r u c t u r e  and gross  cont inent-maria  d i s t r i b u t i o n .  Analysis  

of  t r ack ing  d a t a  from the  U . S .  Lunar  O r b i t e r  series of s p a c e c r a f t  and 

Luna-10 have provided va lues  f o r  the c o e f f i c i e n t s  of a s p h e r i c a l  ha r -  

monic expansion of the e x t e r n a l  lunar g r a v i t y  f i e l d .  Lunar o r b i t e r  

photographs o f  t he  backside provide almost complete information on t h e  

d i s t r i b u t i o n  of c o n t i n e n t s  and maria so t h a t  i t  h<is been p o s s i b l e  t o  

c a l c u l a t e  c o e f f i c i e n t s  of a s p h e r i c a l  harmonic expansion of a l u n a r  

c o n t i n e n t a l i t y  f u n c t i o n  f o r  comparison wi th  s i m i l a r  terms i n  t h e  grav- 

i t y  f i e l d .  

~ ~ ~ 
~ 
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EFFECTS OF LUNAR CONTINENTALITI FUNCTION ON GRIVITY FIELD 

U t i l i z i n g  the form of  t h e  p o t e n t i a l  recommended by the  Lnrarna- 

t i o n a l  Astronomical Union and adopted i n  ana lyses  of t he  Lunar  O r b i t e r  

t r ack ing  d a t a  (Michael e t  al., 1967; Tolson and Gapcynski, 1967) 

m n  

n=2 m=o 

where p L i s  the product of t he  g r a v i t a t i o n a l  cons t an t  and the mass of 

the  moon, r i s  the  r a d i a l  d i s t a n c e  from the  c e n t e r  of the moon, a i s  

the mean r a d i u s  of the moon, P a r e  a s s o c i a t e d  Legendre polynomials,  

c? i s  the  l a t i t u d e ,  and >. i s  the  longi tude.  
n ,m 

I n  o rde r  t o  compare the g r a v i t y  f i e l d  and the  

c o n t i n e n t s  and maria the  v a l u e s  of the  c o e f f i c i e n t s  of a l una r  c o n t i -  

n e n t a l i t y  f u n c t i o n  were c a l c u l a t e d  u t i l i z i n g  a computer program which 

coded the equa t ions  presented by Munk and MacDonald (1960). Table 1 

i n d i c a t e s  t he  p ropor t ion  of c o n t i n e n t a l  a r e a s  on t h e  luna r  s u r f a c e  i n  

squa res  10 on each s i d e  u t i l i z e d  i n  the program. The d i s t r i b u t i o n  

was compiled f r o m  t h e  USAF Lunar Reference Mosaic (1960)) t he  USAF 

P r o j e c t  Apollo Lunar Planning Chart (1962), and Lunar F a r s i d e  C h a r t s  

LFC-1 and LFC-2 (1967). Because of t he  d i f f e r e n t  n a t u r e  of t he  expan- 

s i o n s  used by Munk and MacDonald (1960) and i n  t h e  above form of t he  

p o t e n t i a l ,  each term i n  the c o n t i n e n t a l i t y  f u n c t i o n  was m u l t i p l i e d  by 

( n  - m)!/n! t o  p e r m i t  d i r e c t  comparison wi th  s i m i l a r  terms i n  the grav- 

i t y  f i e l d .  The v a l u e s  of t he  c o e f f i c i e n t s  i n  the c o n t i n e n t a l i t y  func- 

t i o n  and i n  the g r a v i t y  f i e l d  presented by Tolson and Gapcynski (1967) 

and Akim (1966) w i t h  t he  c o r r e c t i o n  i n  s i g n  of t h e  terms wi th  odd va l -  

u e  of m ,  suggested by Tolson and Gapcynski (1967), a r e  presented i n  

T a b l e s  2 and 3 .  

0 

A C a r t e s i a n  set of coord ina te  axes  f i x e d  i n  the  moon a r e  def ined 

w i t h  the  X and Y axes i n  the e q u a t o r i a l  plane,  t h e  X axis d i r e c t e d  to- 

ward the mean d i r e c t i o n  t o  the e a r t h ,  and the Z a x i s  d i r e c t e d  along 

t h e  a x i s  of  r o t a t i o n .  The second degree terms i n  the g r a v i t y  f i e l d  

a r e  r e l a t e d  t o  t h e  moments and p r o d u c t s  of i n e r t i a  a s  fol lows:  
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C \I’ s 
n,m n ,m 

Tolson and Tolson and 
----- 

n m Gapcynski (1967) Akim (1966) Gapcynski (1967) Akim (1966) 

2 0 -2,0596 t .141 -2.06 ~ f -  .22 - 
1 -.I661 L̂: .051 -.157 + .059 . m o  i- . O H  -.us1 + .0358 
2 .2042 +_ .029 .140 f .012 -.0342 t ,025 -.Ol39 t ,0145 

3 0  - .3773 .180 - .363 i .099 - - 
1 .3012 f .048 .568 5 .026 .1762 + .053 ,178 f .032 

2 .1294 .: .028 .I18 f .047 - .0147 z t  .033 -.00702 * .046 
3 .0317 f ,015 - ,0043 + ,018 - - 

4 0  .0798 i ,128 .333 rt .270 - - 
- .0391 f .028 1 -.1560 zk .036 - 
- 2 .0011 f .010 .0072 + .013 - 
- 3 -- ,0082 ::- .008 -.0001 f .006 - 
- 4 - ,0007 t .003 .0011 f .003 - 

5 0  -.5505 -k ,171 - - - 
- .0385 + .037 .0829 f_ .031 1 I 

2 .0342 t- ,009 - ,0203 F .008 - 
- 

- 
- 3 - .0071 rf .002 - .0078 .002 

- .0008 -k .001 -.0013 + .001 4 - 
5 -.0003 f ,0002 .0003 f .OW2 - 

- 
- 

- 

Table 2 - Gravity F i e l d  of Moon Determined from L u n a r  Orbiters I, 111 
and IV (Tolson and Gapcynski, 1967) and Luna-10 (Akim, 1966). 
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.159 

- .121 

- .02 30 

,115 

,0331 

- .0172 

.00536 

- .00574 

,0147 

.00096 

.000354 

.000713 

- ,00946 

.0101 

- .000633 
- .000212 

.000262 

-3 .75  

.40 

-2.58 

- 1 . 3 4  

3.69 

3.05 

2 . 4 0  

-7 .25  

- 5 . 5 3  

.60 

-12 .22  

- .51  

37.08 

-2 .47  

- 34.43 

21.34 

- 1 . 9 5  

- 

-0549 

.032 1 

- 

- .0189 

,0102 

.00485 

.0082:! 

.00425 

- .000627 

-000388 

- 

- .0174 

- .00209 

- ,0000658 

- .000365 

- 

.04 

- . 31  

- 

-3 .77  

- . 59  

- .36 

2 .48  

.88 

.08 

1.48 

- 

- 3 . 0 3  

6 .19  

75 .54  

2.27 

- ,0000446 -4.29 .0000055 34.76 

Table 3 - Values of C o e f f i c i e n t s  i n  Lunar 
Cont inental i ty  Function and Height (H) 
o f  Continents above Maria Required t o  
Produce Coef f i c i ent s  i n  Gravity F i e l d  
i f  the Moon i s  Homogeneous. 
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I = A  xx 
2 I = C A + Ka 2 ( 2 C 2 , *  - C2,0 )  

2 , 2  zz I = B = A + 4 M a C  
YY 

2 
2 . 1  

I = M a c  2 
2 , 2  XZ 

I =2Mas 
XY 

2 I -Mas 
YZ 2 9 1  

It is i n t e r e s t i n g  t o  note  t h a t  i n  Tolson  and Gapcynski 's  (1967) 

and S a n a l y s i s  t he  C2,1, S2,1, 

I n  A k i m ' s  (1966) a n a l y s i s  on ly  the  C 

more than  the-s tandard  e r r o r .  

axes  of the  moon do not correspond t o  the  r o t a t i o n a l  a x i s  and t h e  d i -  

r e c t i o n  t o  the  e a r t h .  A s  po in ted  ou t  by J e f f r e y s  (1962, p .  141), t h e  

lack of a wobble of the  moon's a x i s  of  r o t a t i o n  i n d i c a t e s  t h a t  t he  C 

and S 

t han  0.001 of t h e  C and S terms. I f  t he  S t e r m  i s  not  very  

c l o s e  t o  zero ,  then  the  r e s u l t i n g  torque should cause the  moon t o  ro-  

t a t e  u n t i l  the  l i n e  po in t ing  toward the  e a r t h  i s  a p r i n c i p a l  a x i s  and 

t h i s  term vanishes .  Will iam H .  Michael (personal  communication, 1967) 

has suggested t h a t  t he  mass d i s t r i b u t i o n  f o r  a s t a b l e  o r i e n t a t i o n  should 

inc lude  higher  o rde r  terms and that cons ide ra t ion  of  t hese  terms could 

and S terms l e a d  t o  a s t a b l e  conf igu ra t ion  i n  which t h e  C2 ,1 ,  

a r e  non-zero.  

p l i s h e d  the  p o s s i b i l i t y  should a l s o  be considered that  the  s tandard  er- 

r o r s  i n  t h e s e  and the  rest of t h e  terms a r e  too  small. Thus i t  i s  pre-  

m a t u r e  t o  draw f i r m  conclusions a s  t o  the  i n t e r n a l  s t r u c t u r e  of t he  

moon from e x i s t i n g  ana lyses  of t h e  g r a v i t y  f i e l d .  

terms depa r t  s i g n i f i c a n t l y  from zero.  
2,2 

term d e p a r t s  from ze ro  by much 
* , I  

Thus f o r  both ana lyses  the  p r i n c i p a l  

2 3 1  
terms i n  the  g r a v i t y  f i e l d  m u s t  be very  nea r ly  zero  o r  no more 

231 

292 2 9 2  2 , 2  

s2,19 2 ,2  
U n t i l  such a n  ex tens ion  of  E u l e r ' s  equa t ions  is accom- 

The r e l a t i o n s h i p  between the  terms i n  the  c o n t i n e n t a l i t y  func t ion  

and t h e  g r a v i t y  f i e l d  i s  der ived  from J e f f r e y ' s  (1962, p. 182) equa- 

t i o n  f o r  t he  g r a v i t a t i o n a l  p o t e n t i a l  of a su r face  d i s t r i b u t i o n  over  a 

sphe re  of r a d i u s  R(R 5 a )  

n=2 m=o 
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where G i s  t h e  g r a v i t a t i o n a l  cons t an t ,  0 is t h e  s u r f a c e  a r e a  d e n s i t y  

over the  sphere expressed i n  a s p h e r i c a l  harmonic r e p r e s e n t a t i o n  wi th  

c o e f f i c i e n t s  C '  and Thus the e f f e c t s  on i n d i v i d u a l  c o e f f i -  

c i e n t s  of t he  g r a v i t y  f i e l d  of t h e  s u r f a c e  d e n s i t y  is 
n,m 

where M is  t h e  mass of the  moon. 

Thus i f  t he  moon i s  homogeneous and the g r a v i t y  f i e l d  i s  the  re- 

s u l t  of a s u r f a c e  e f f e c t  due t o  the shape of t he  moon and s u b s t i t u t i n g  

t h e  expres s ion  f o r  t he  mass of a homogeneous sphere 

where pa i s  the  average d e n s i t y  of t h e  moon, H i s  the  he igh t  of a s u r -  

f a c e  l a y e r  having a volume d e n s i t y  p expressed i n  a s p h e r i c a l  har- 

monic r e p r e s e n t a t i o n  wi th  c o e f f i c i e n t s  C' and S '  The v a l u e s  of 
H requ i r ed  t o  produce the  g r a v i t y  f i e l d  on the  assumptions t h a t  p = 

p and the s u r f a c e  l a y e r  is r e l a t e d  t o  the d i s t r i b u t i o n  of c o n t i n e n t s  

and maria as expressed by tile c o n t i n e n t a l i t y  f u n c t i o n  a r e  i n d i c a t e d  on 

t a b l e  3. 

C 

n ,m n,m' 

C 

a 

Assuming t h a t  t he  gene ra l  na tu re  of t he  g r a v i t y  f i e l d  a s  r e f l e c t e d  

i n  t h e  o b l a t e n e s s  (C ), e l l i p t i c i t y  of t he  equa to r  (C ), and  north- 

s o u t h  a s p m e t r y  (C ) is c o r r e c t ,  t hese  r e su l t s  i n d i c a t e  t h a t  i f  the  

moon is homogeneous, then t h e  e l e v a t i o n  of the maria with r e s p e c t  t o  

the  c e n t e r  of mass must be 1 t o  4 krn g r e a t e r  than the e l e v a t i o n  of the 

c o n t i n e n t s .  For  the higher  o rde r  t e r m s  t he re  i s  no c o n s i s t e n t  r e l a t i o n -  

s h i p  between the  c o e f f i c i e n t s  i n  the c o n t i n e n t a l i t y  func t ion  and t h e  

g r a v i t y  f i e l d .  

g r a v i t y  f i e l d  t h e  s tandard e r r o r s  a r e  comparable i n  s i z e  t o  the va lue  

of t h e  c o e f f i c i e n t .  

220 2,2 

3 90 

However f o r  most of the higher  degree terms i n  the 
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With regard t o  poss ib l e  excess  mass beneath the  maria i t  i s  of 

i n t e r e s t  t h a t  Nash (1963) has  a l s o  suggested such a r e l a t i o n s h i p  as 

a n  exp lana t ion  f o r  the r e l a t i v e  l a c k  of maria on the  moon's f a r s i d e .  

Nash hypothesizes  t h a t  t he  moon was locked i n t o  synchronous r o t a t i o n  

wi th  excess  mass beneath the maria f ac ing  the e a r t h  i n  a s t a b l e  o r i -  

e n t a t i o n .  He a l s o  sugges t s  t h a t  the maria formed a s  the  result of im-  

pact of o b j e c t s  denser  t han  the  moon and t h a t  t he  appa ren t  concentra- 

t i o n  of maria i n  t h e  plane of the e c l € p t i c  may be explained by an  a s -  

t e r o i d a l  o r i g i n  f o r  the impacting o b j e c t s ,  A c t u a l l y  any process  of 

maria forreation t h a t  i s  random and t h a t  l e a d s  t o  an excess  of mass be- 

neath the  maria s u r f a c e  could lead t o  the  p re sen t  d i s t r i b u t i o n  of  maria 

wi th  r e s p e c t  t o  the moon's p r i n c i p a l  axes  and the  d i r e c t i o n  t o  the 

e a r t h .  The p resen t  d i s t r i b u t i o n  may be the resul t  of wander of the 

moon's axes t o  the  p o s i t i o n  of  s t a b l e  e q u l l i b r i d m  r e g a r d l e s s  of the 

o r i g i n a l  cause of the d e n s i t y  d i s t r i b u t i o n .  

I n  o rde r  t o  estimate simple mass d i s t r i b u t i o n s  which w i l l  produce 

the va lues  of the higher  o rde r  terms i n  the  g r a v i t y  f i e l d  i t  i s  neces- 

s a r y  t o  d e r i v e  g e n e r a l  equa t ions  analogous t o  those presented i n  a n  

e a r l i e r  paper f o r  t he  second o rde r  terms (Lamar and McGann, 1966).  I n  

i n t e g r a l  form the  e f f e c t  on ind iv idua l  c o e f f i c i e n t s  i n  the g r a v i t y  

f i e l d  i s  

n+2 /I r j g ( r )  d r  3 
n+3 n ,m = ~F Y 

0 
S n ,m n,m (2n + l)paa 

where Ap(r) is the d i f f e r e n c e  i n  d e n s i t y  between material underlying 

c o n t i n e n t s  and maria. 

For t h e  r i g i d  lumpy model we assume a l i n e a r  decrease i n  the  den -  

s i t y  c o n t r a s t  with dep th ,  o r  hp(r) = , jp(a)(r/a) where .:p(a) i s  the d e n -  

s i t y  c o n t r a s t  a t  t he  s u r f a c e ;  by i n t e g r a t f o n  
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where d i s  (2n + 1) t i m e s  t h e  r a t i o  o f  t he  c o e f f i c i e n t s  i n  the  grav- 

i t y  f i e l d  t o  those i n  the  c o n t i n e n t a l i t y  f u n c t i o n ,  and i t  is assumed 

t h a t  t h e  d e n s i t y  of m a t e r i a l  near the s u r f a c e  is equa l  t o  the  average 

d e n s i t y  of t h e  moon. 

n ,m 

For the  extreme case of a r i g i d ,  lumpy model w e  assume t h a t  t he  

maria a r e  d i r e c t l y  unde r l a in  by a layer  of n i c k e l - i r o n .  The t h i ckness  

( t )  of the l a y e r  is found t o  be 

where p i s  the d e n s i t y  of  n i c k e l  i r o n ,  i 
I n  t he  case  where topographic i r r e g u l a r i t i e s  a r e  assumed t o  be 

compensated by v a r i a t i o n s  i n  the th i ckness  of a f l o a t i n g  c r u s t ,  we as- 

sume z e r o  th i ckness  f o r  t h e  c r u s t  beneath t h e  maria ,  compensation a t  

a dep th ,  D ,  beneath the  c o n t i n e n t s  and a d e n s i t y  c o n t r a s t  between con- 

t i n e n t s  and maria which dec reases  l i n e a r l y  with depth;  by i n t e g r a t i o n  

where 0 is  the  d e n s i t y  of c r u s t a l  m a t e r i a l  and p is  the d e n s i t y  of 

m a t e r i a l  d i r e c t l y  beneath the maria.  We assume a c o n d i t i o n  of z e r o  

stress a t  the moon's c e n t e r ;  from Lamar and McGann (1966) 

C mm 

Note that f o r  t he  second order  terms and the relations 

0 1 , - A  + B 0 -J2 LT - C I  , C'  2,o  = a2 
210 Ma 

C 
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1 2  (B - A ) ,  C' 2 1 
= -J2 =-  2 2 , 2  7 a 2  2,2 4Ma 

C 

, C " -  '5 Ma2 g = - = - -  C - A  C - A  B - A  
B c 9 Y " 7  

where C 

t he  above equat ions reduce t o  those presented i n  Lamar and McGann 

(1966) . 

B y  and A a r e  the  p r i n c i p a l  moments of i n e r t i a  of t h e  moon, 

I n  our e a r l i e r  pape r  (Lamar and McGann, 1966), i t  was suggested 

t h a t  t h e r e  is  a sys t ema t i c  d i f f e r e n c e  i n  e l e v a t i o n  between c o n t i n e n t s  

and maria such t h a t  t he  average e l e v a t i o n  of the c o n t i n e n t s  i s  3 km 

( q u a n t i t y  H i n  the above equat ions)  g r e a t e r  than t h a t  of t h e  maria re l -  

a t i v e  t o  the c e n t e r  of mass. Goudas (1966) has quest ioned the  v a l i d -  

i t y  of t h i s  assumption and p o i n t s  out t h a t  r e c e n t  s t e r e o s c o p i c  height  

de t e rmina t ions  r e v e a l  no such r e l a t i o n s h i p .  However the  o r i g i n  of co- 

o r d i n a t e s  f o r  t hese  systems is  a mean sphere which bes t  f i t s  t he  p o i n t s  

o r  t h e  c e n t e r  of volume. Thus i t  i s  p o s s i b l e  t h a t  the c o n t i n e n t s  a r e  

s y s t e m a t i c a l l y  higher  r e l a t i v e  t o  the c e n t e r  of a s s  and some maria 

s u r f a c e s  r e l a t i v e  t o  the  c e n t e r  of f i g u r e  a r e  h ighe r  than some cont inen-  

t a l  areas.  S i m i l a r l y  i f  the e a r t h  lacked oceans,  which provide a con- 

ven ien t  l e v e l  s u r f a c e ,  and the o r i g i n  of c o o r d i n a t e s  were the c e n t e r  

of volume, then the c e n t e r  of t h e  P a c i f i c  b a s i n  would have about the 

same e l e v a t i o n  a s  c o n t i n e n t a l  a r e a s  on the oppos i t e  s i d e  of t he  e a r t h ,  

It i s  suggested t h a t  u n t i l  t h e  coord ina te  systems based on ear th-based 

s t e r e o s c o p i c  obse rva t ions  a r e  transformed so t h a t  t he  o r i g i n  of coor- 

d i n a t e s  is the  c e n t e r  of mass, any sys t ema t i c  d i f f e r e n c e  i n  e l e v a t i o n  

r e l a t i v e  t o  the  c e n t e r  of  mass w i l l  be obscured. 

Values of t he  parameters f o r  the models of i n t e r n a l  s t r u c t u r e  c a l -  

c u l a t e d  from the above equa t ions  f o r  Tolson and Gapcynski's (1967) v a l -  

ues f o r  the c o e f f i c i e n t s  of the g r a v i t y  f i e l d  a r e  a s  follows: 
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H = O  c2  ,O’ 0 . 0 4 3  

c2,09 H = 3 k m  -0.078 

H = O  -0.029 c 2 , 2 ’  

c 2 , 2 ’  H = 3 h  -0.064 

o 1031.1 

Thickness of 
N icke l - I ron  

La ye r 
(W 

2 . 8  

5.0 

1 . 9  

4.2 

2 .1  

I s o s t a t i c  Model 

Depth of 
(a3  Compenoa t i on  

( g m i  c m  ) (b) 

-0.016 42 

-0.010 35 

H = 3 h  -0.079 ‘ 3 , O ’  4 . 4  -0.012 38 

The v a l u e s  a r e  remarkably c o n s i s t e n t  and suggest t h a t  the assump- 

t i o n  of a sys t ema t i c  d i f f e r e n c e  i n  d e n s i t y  of t he  m a t e r i a l  underlying 

c o n t i n e n t s  and maria may be c o r r e c t .  Th i s  is t r u e  whether o r  not t h e r e  

i s  a sys t ema t i c  d i f f e r e n c e  i n  e l e v a t i o n  between c o n t i n e n t s  and maria .  

The above v a l u e s  a r e  s i m i l a r  t o  t h o s e  c a l c u l a t e d  from the  pre-Lunar 

O r b i t e r  second o rde r  terms and a r e  e q u a l l y  favorable  t o  t h e  r i g i d  lumpy 

and i s o s t a t i c  models of i n t e r n a l  s t r u c t u r e  (Lamar and McGann, 1966). 
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MOMENT OF INERTIA 

Tolson and Gapcynski (1967) have c a l c u l a t e d  the va lue  of t he  

q u a n t i t y  q = X / 2 M a 2  = 0.5895 f 0.05 where C i s  t h e  moment of  i n e r t i a  

Accord- about the  a x i s  of r o t a t i o n  from t h e i r  va lues  o f  C 

ing t o  J e f f r e y s  (1962), f o r  a chemically homogeneous moon wi th  inc rease  

i n  d e n s i t y  wi th  depth due t o  i n t e r n a l  p re s su re ,  q = 0.596. For a l i n -  

e a r  i nc rease  i n  d e n s i t y  from 3.2 gm/cm3 below a t h i n  c r u s t  t o  3.76 gm/ 

cm3 a t  t he  c e n t e r ,  q = 0.592, and fo r  a more extreme d i f f e r e n t i a t e d  

model i n  whieh the d e n s i t y  i-ncreases l i n e a r l y  from 2 . 8  gm/cm3 a t  t h e  

s u r f a c e  t o  5.0 grn/cm3 a t  t he  c e n t e r ,  q = 0.568 (Lamar and McGann, 1966). 

The problem of t h e  o v e r a l l  moment of i n e r t i a  has  been cons iderably  im-  

proved by t h e  o r b i t e r  d a t a  and i t  is appa ren t ly  no Longer necessary  t o  

cons ider  t he  p o s s i b i l i t y  that the  dens i ty  of t he  moon dec reases  wi th  

depth .  However the  da t a  a r e  s t i l l  i n s u f f i c i e n t  t o  dec ide  whether t he  

moon is d i f f e r e n t i a t e d  o r  chemically homogeneous. 

2,o and c 2 , 2 .  



- 15- 

REFERENCES 

Akim, E .  L .  (1966) Determinat ion o f  G r a v i a t i o n a l  F i e l d  o f  t he  Moon 
from the  Motion o f  t h e  A r t i f i c i a l  Lunar S a t e l l i t e  Luna 10; t r a n s -  
l a t e d  by J .  C .  Noyes f ron:  Doklady of t h e  Academy o f  Sc iences  of 
the  USSR, Vol.  170, No. 4 ,  pp. 799-802. -- 

Goudas, C .  L. (1966) Note on "Shape and I n t e r n a l  S t r u c t u r e  of the  
Moon" by Lamar and McGann; I c a r u s ,  Vol .  5,  pp. 99-100. 

J c f f r e y s ,  Harold (1962) The Ea r th ,  4th r e v .  e d . ,  Cambridge Un ive r s i ty  
P r e s s ,  London, 438 p p .  

Lamar, D .  T,. and 3eanrtiw ~ ~ C & R R  j i ? O b )  Shape and I n t e i n a ;  S t r u c t u r e  
o f  t h e  Maon, I c a r u s ,  Vol. 5 ,  pp.  10-23. 

Lunar F a r s i d e  Chart  LFC- 1 (1367) Aeronaut ica l  Chart  and  Information 
Cen te r ,  S t .  Loilis. 

Lunar F a r s i d e  Char t  LFC-2 (1967) Aeronaut ica l  Chart  and Information 
Cen te r ,  S t .  Louis .  

Michael ,  W .  H . ,  J r . ,  R .  H .  Tolson, and J .  P .  Gapcynski (1967) Pre-  
l ini inary R e s u l t s  on the  G r a v i t a t i o n a l  F i e l d  of the  Moon from Analy- 
s i s  of Lunar Orbiter Tracking Data,  Presented  a t  the  American Geo- 
phys ica l  Union Annual Meeting. 

Munk, W. H .  
Canibr i d g e  

Nash ,  D. B. 

and G. 3 .  F. MacDonald (1960) The Ro ta t ion  of  t he  E a r t h ,  
3 n i v e r s i t y  Fre-s: ~ London. 

-__ --- ~ 

(1963) On the  Dist: . ibution o f  Lunar L r i a  ,and the Synchro- 
nous Ro ta t ion  of t he  Moon, Icarus, Vol. I ,  pp. 372-373 

Tolson ,  K. H .  and J .  P .  Gapcynskl (1967) An Analys is  o f  the L u n a r  Gravi- 
t a t i o n a l  F i e l d  a s  Obtained f r o m  Lunar O r b i c e r  Tracking Data ,  Pre-  
s en ted  a t  t h e  IQSY/COSPAR A s s e m b l i e s ,  London. 

USAF Liinar Reference Nosaic (1960) Aeronau t i ca l  Chart and Informat ion  
Cen te r ,  S t .  Louis .  

USAF P r o j e c t  Apo 110 Lunar P l a n n i n g  Char t  (1962) Aeronaut ica l  Char t  and 
Intorma t ion Center  , St. LOULS.  


